Previous studies have shown that healthy participants learn to control local brain activity with operant training by using real-time functional magnetic resonance imaging (rt-fMRI). Very little data exist, however, on the dynamics of interaction between critical brain regions during rt-fMRI-based training. Here, we examined self-regulation of stimulus-elicited insula activation and performed a psychophysiological interaction (PPI) analysis of real-time self-regulation data. During voluntary up-regulation of the left anterior insula in the presence of threat-related pictures, differential activations were observed in the ventrolateral prefrontal cortex, the frontal operculum, the middle cingulate cortex and the right insula. Down-regulation in comparison to no-regulation revealed additional activations in right superior temporal cortex, right inferior parietal cortex and right middle frontal cortex. There was a significant learning effect over sessions during up-regulation, documented by a significant improvement of anterior insula control over time. Connectivity analysis revealed that successful up-regulation of the activity in left anterior insula while viewing aversive pictures was directly modulated by dorsomedial and ventrolateral prefrontal cortex. Down-regulation of activity was more difficult to achieve and no learning effect was observed. More extensive training might be necessary for successful down-regulation. These findings illustrate the functional interactions between different brain areas during regulation of anterior insula activity in the presence of threat-related stimuli.
INTRODUCTION
Recently, physiological self-regulation of circumscribed brain regions and networks has become feasible using realtime functional magnetic resonance imaging (rt-fMRI) Sitaram et al., 2008 Sitaram et al., , 2009 Caria et al., 2011) . Several studies have investigated learned modulation of neural activity in areas primarily implicated in emotional processes such as the amygdala (Posse et al., 2003; Johnston et al., 2010) , the rostral anterior cingulate cortex (rACC; Weiskopf et al., 2003) , the subgenual ACC (Hamilton et al., 2011) , the anterior insula (Caria et al., 2007 (Caria et al., , 2010 Johnston et al., 2010) and it has been shown that support vector machine (SVM) classification of spatial patterns of activation in emotional networks can be used for real-time feedback . It is also increasingly being recognized that the ability to regulate activity of localized cortical areas can be useful in the treatment of various disorders including depression (Hamilton et al., 2011 ), chronic pain (deCharms et al., 2005 , tinnitus (Haller et al., 2010) and schizophrenia (Ruiz et al., 2008 , and for movement rehabilitation after stroke .
The anterior insula is a key structure in the emotional circuitry and its activity has been shown to correlate with subjective feelings of emotional states (Craig, 2002 (Craig, , 2003 (Craig, , 2009 . Studies on emotion perception have revealed that insula activity correlates with the aversive valence of stimuli (Anders et al., 2004) , sadness (Lane et al., 1997) , fear (Morris et al., 1996) and disgust (Calder et al., 2001) . Positively valenced responses were also reported to correlate with activations of left anterior insula (Craig, 2009) . A review of PET (positron emission tomography) and fMRI studies (Phan et al., 2002) demonstrated that both the ACC and insula were recruited during emotion induction using emotional recall/imagery and during performance of emotional tasks with concurrent cognitive demands. By playing a critical role in mediating self-awareness, body integrity (Craig, 2009) , and in the influence of peripheral autonomic arousal on consciously experienced emotional states (Critchley et al., 2002 (Critchley et al., , 2004 , the insula serves as a strategic neural node in the appraisal of emotional responses (Craig, 2009) . Using rt-fMRI, our group previously demonstrated that untrained participants can learn to up-regulate activity of the anterior insula within three training sessions (Caria et al., 2007) and that the amount of up-regulation correlates with subsequent valence ratings of aversive pictures (Caria et al., 2010) . A follow-up investigation of the same data with multivariate pattern classification and Granger causality modelling (GCM) revealed that self-regulation training of the anterior insula caused an initial increase and subsequent pruning of the network density and a strengthening of the insula's connections with other regions involved in emotional processing (amygdala, medial prefrontal cortex) . In the present study, we sought to extend these findings by examining the larger networks engaged during the self-regulation of insula activity.
Neuroimaging research on neural correlates of affect regulation often comprises either emotion suppression or reappraisal of the evocative stimuli, with the aim of reducing negative affect or increasing positive affect (Ochsner and Gross, 2005; Quirk and Beer, 2006; Goldin et al., 2008; Mak et al., 2009) . Functional brain imaging of both these regulation strategies has shown that they engage specific frontal brain regions such as the orbitofrontal cortex (OFC), dorsolateral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC) and ACC (Beauregard et al., 2001; Ochsner et al., 2002 Ochsner et al., , 2004 Phan et al., 2005; Urry et al., 2006; Eippert et al., 2007; Mak et al., 2009; Johnston et al., 2010) . The importance of these frontal areas in emotion regulation is underscored by studies showing that the initial appraisal of negative emotional stimuli similarly engages VLPFC, DLPFC and dorsomedial prefrontal cortex (DMPFC) (Hariri et al., 2000 (Hariri et al., , 2003 Taylor et al., 2003) . Moreover, ACC and VLPFC are activated during inhibition of cognitive-emotional interference (Whalen et al., 1998; Bush et al., 2000; Etkin et al., 2006; Shafritz et al., 2006) and when participants divert their attention away from threatening and/or painful stimuli (Bantick et al., 2002; Tracey et al., 2002; Bishop et al., 2004) .
Here, we investigate rt-fMRI-supported self-regulation of activity in the left anterior insula while subjects viewed threat-related pictures. To examine which brain areas are functionally connected during successful regulation of the targeted area, we employ psychophysiological interaction (PPI) analysis. We hypothesize that successful modulation of activity of the anterior insula is mediated by prefrontal areas that have previously been shown to subserve emotion regulation, as reviewed above. The present study thus aims to extend the understanding of the neural circuitry involved in rt-fMRI based self-regulation.
MATERIALS AND METHODS Participants
Eleven healthy volunteers (aged 21-28 years, 8 females, 3 males) participated in the study. All participants were right-handed as assessed by the Edinburgh handedness inventory and had normal or corrected-to-normal vision. None of the participants had a history of psychiatric, medical or neurological illness. They were given written instructions, and informed consent was obtained from each. The study was approved by the ethics committee of the Faculty of Medicine of the University of Tübingen.
fMRI data acquisition Functional images were acquired on a 1.5-T whole-body scanner with a standard 8-channel head coil (Siemens Magnetom Trio Tim, Siemens, Erlangen, Germany The rt-fMRI system is based on Turbo-BrainVoyager 1.1 software (Brain Innovation, Maastricht, The Netherlands) in combination with in-house written scripts running on Matlab 6.5 (The Math Works, Natick, MA, USA) as previously described by Weiskopf et al. (2003) .
Localizer session
Before feedback training, a localizer session consisting of 70 scans in total was performed to functionally identify the left anterior insula. After a 10-s baseline period, a set of highly aversive pictures from the International Affective Picture System (IAPS) (mutilation and burn victims) were presented in two blocks (22.5 s) alternating with resting periods of the same length. To mark the anterior insula region of interest (ROI) (ROI1), the final t-map of the activations during the localizer session was used to draw a rectangular box comprising 4*5 voxels centred on the voxel showing highest activation within the anterior part of the insula (Figure 2 ). The reference ROI (ROI2) was a slightly larger square (6*6 voxels). The placement of ROI2 was superior to ROI1, with at least two intervening slices between the two ROIs. We specifically ensured that no activation was present in the reference ROI during the localizer session. The purpose of using a reference ROI was to cancel out changes in BOLD (Blood Oxygen Level Dependent) signal due to global effects of movement and other task-unspecific changes.
rt-fMRI task procedure and feedback calculation The experimental paradigm required participants to actively regulate BOLD activity in the left anterior insula while viewing emotional stimuli. The conceptual scheme of the experiment and the picture set used were adapted from Eippert et al. (2007) . The stimulus set consisted of 18 aversive (average arousal: 6.22 s.d. 0.59; average valence: 2.73 s.d. 0.61) and six neutral pictures based on IAPS (Lang et al., 1999) . Moderately aversive or threatening pictures were chosen to avoid ceiling effects and allow differential regulation.
The protocol consisted of three sessions. Each session was 8 min 9 s long and comprised the following conditions: emotion induction, up-regulation, down-regulation and no-regulation. The trials started with a 3-s induction period and were followed by a 1.5-s task instruction superimposed on the pictures using the single words 'increase' for up-regulation, 'decrease' for down-regulation and 'view' for no-regulation. Each regulation block lasted 9 s (Figure 1 ) and was followed by a 7.5-s resting period. Feedback was provided in the form of a graphical thermometer whose bars increased or decreased in number from the baseline value (represented by the dashed red line in the middle of the thermometer, see Figure 1 ), in proportion to the differential BOLD signal in the target (ROI1) and reference (ROI2) ROIs. The baseline value was calculated from the last two scans of the resting period at the end of the preceding trial. Feedback was computed from a temporally smoothed BOLD signal. Temporal smoothing was achieved by averaging the BOLD signal within a moving window that included the BOLD value for the current TR and values from the past three TRs. Thus, the BOLD signal during the induction and instruction period plus the first scan of the regulation period formed the basis of the first feedback signal. More specifically, the number of bars was computed using the following equation (equation 1):
If the computed number of bars was positive, the bars of the thermometer were shown in red colour above the baseline, and if the value was negative, the bars were shown in blue colour below the baseline. In addition, we implemented a real-time artefact correction that detected and ignored sudden changes in BOLD signal due to swallowing or movement of the tongue . Such movements can cause signal increases five times higher than the normal BOLD increase in a single TR. The thermometer display with increasing and decreasing bars representing feedback of activation in the target region was presented during all conditions, except the no-regulation condition where a thermometer with static bars was presented. Participants were informed about the data processing delay of 1.5 s and the intrinsic physiological haemodynamic response delay of $4-6 s.
To extend classical emotion regulation paradigms with the advantages of rt-fMRI-based neurofeedback, participants were instructed to use cognitive strategies that would help them learn to control the activity of the target ROI. Fig. 1 Schematic overview of the experimental design. Pictures were shown to the participants for 3 s while in the MR scanner (emotion induction). According to task instructions (1.5 s), the participants had to regulate (increase or decrease) signal in the left anterior insula in response to the image shown for additional 9 s (with passive viewing as control condition). BOLD response from left anterior insula was fed back in the form of a graphical thermometer. 
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Specifically, for up-regulation, participants were instructed to imagine themselves being personally involved in the situation depicted in the picture. For down-regulation, participants were required to cognitively and emotionally distance themselves from the situation displayed in the image. During the no-regulation condition, participants were required to passively view the images presented. After each session, they were also required to rate their success in regulation on a scale from 1 to 8 (1 ¼ very good; 8 ¼ very bad).
rt-fMRI analysis of feedback regulation
The difference of the baseline-adjusted signal changes in ROI1 and ROI2 averaged over the regulation period (equation 1) was computed individually for each subject on a trial-by-trial basis. The mean signal changes and corresponding standard deviations in each regulation task and session were calculated. The extracted signal changes were further analysed using SPSS 13.0. Paired t-test was performed to analyse the signal changes between the first and last training session for each task. Furthermore, a linear regression analysis using the individual trial-specific signal changes as dependent variable and time as independent variable was conducted to evaluate possible learning effects over time. Results were considered significant at P < 0.05 (one tailed).
Time-series analysis
Peri-stimulus time histogram (PSTH) plots were extracted using the NOD Lab toolbox NERT4SPM (http://www .hih-tuebingen.de/en/sensorimotor-lab/nod-lab/). Based on the individual GLM analysis, a spherical ROI of 6 mm centred on the maximally activated voxel in the left anterior insula during aversive induction was used. This ROI definition differs slightly from the rectangular ROI used for the neurofeedback training, but has the advantage that only grey matter voxels showing significant activity are used for the time-course extraction. The average time course across all voxels in the ROI was calculated and normalized to percent signal change separately for each regulation condition and session. To test for signal changes during the regulation periods, the time course was scaled to 1.5 s pre-stimulus baseline (time zero represents the time-point after emotion induction). Repeated-measurement ANOVA with factors time (six time-points in the regulation condition) and session (three sessions) were performed for each regulation condition. Paired t-tests were used to compare session-wise differences between corresponding time-points separately for each regulation condition.
Whole-brain analysis of emotion induction and feedback regulation
The SPM5 statistical parametric mapping software package (Wellcome Department of Imaging Neuroscience, London) was used to perform off-line image pre-processing and data analysis. Before whole-brain statistical analysis, functional EPI volumes were spatially re-aligned. The images were normalized to the Montreal Neurological Institute (MNI) space and spatially smoothed (9-mm Gaussian kernel). A temporal filter (0.0088 Hz) was applied to remove low-frequency artefacts. For each participant, a general linear model (GLM) with the conditions 'induction aversive', 'induction neutral', 'up-regulation aversive', 'down-regulation aversive', 'no-regulation aversive' and 'no-regulation neutral' was created. All conditions were modelled with a canonical haemodynamic response function (HRF) using standard SPM5 settings. The duration of the regulation trials was set to 9 s. Movement regressors were included as confounds in the general linear model to account for possible head movement related variance. The following contrasts were computed: induction aversive vs induction neutral, aversive upregulation vs aversive no-regulation and aversive downregulation vs aversive no-regulation. Random-effects t-statistics across participants were calculated separately for the main contrasts. Effects were considered significant based on a whole-brain false discovery rate of P < 0.05 (FDR; Genovese et al., 2002) .
PPI analysis PPI is a functional connectivity analysis method that describes activity in a ROI based on its interaction with other brain regions and a psychological factor (Friston et al., 2003) . Essentially, PPI implies that this interaction between brain regions is significantly modulated by the experimental or psychological context (e.g. attention vs no attention; up-regulation vs down-regulation). By integrating the physiological and experimental influences on regional responses, PPI allows one to confer a degree of functional specificity when making inferences about functional integration or interactions between cortical areas. Kim and Horwitz (2008) compared PPI analysis with correlation measures between fMRI signals for computing functional connectivity using simulated data reflecting synaptic activity. Their main finding was that PPI results better reflect interregional connections between areas compared to simple correlations between fMRI signals from two regions. Our aim was to examine how the left anterior insula interacts with other brain regions while participants regulate left anterior insula activity using rt-fMRI feedback.
In the first step, we extracted time courses for each training session using the first eigenvariate of the volume of interest, i.e. a spherical ROI of 6 mm centred on the maximally activated voxel in the left anterior insula, as described in the time-course analysis. The PPI toolbox of SPM5 was then employed to generate differential contrasts of both up-regulation vs no-regulation and down-regulation vs no-regulation. The GLM for each PPI consists of the interaction vector of the corresponding psychological or context factor (up-regulation or down-regulation in comparison to no-regulation), the time course of the BOLD signal in the target ROI using the first eigenvariate, and the context-specific contrast vector (up-regulation vs noregulation, down-regulation vs no-regulation). The motion parameters were used as confounds in the design matrix. A contrast vector weighting the interaction contrast with one and the other regressors with zero results in a statistical parametric map with voxels showing a positive coactivation or interaction with the seed ROI, whereas a contrast weight of minus one yields a statistical map with voxels revealing a negative covariation with the target ROI.
For second-level analysis, we used the contrast images obtained from the first-level PPI analysis representing the interaction of brain regions with the left anterior insula during up-and down-regulation. This was followed by separate t-tests for each condition and session. An uncorrected threshold of P < 0.001 was applied for the group PPI analyses.
Self-report analysis
Statistical analysis of behavioural data (i.e. success ratings for regulation) were computed using the statistical package SPSS 13.0 (SPSS Inc., Chicago, IL, USA). A repeatedmeasurements ANOVA with the factors session and condition was carried out. Significant effects were further analysed using paired t-tests. A t-value exceeding a threshold of P < 0.05 was considered significant.
RESULTS

ROI analysis of feedback regulation
The comparison between tasks showed that the BOLD signal changes were significantly increased during up-regulation in comparison to down-regulation [t(10) ¼ 2.02 P ¼ 0. A linear regression analysis using the signal changes of every single trial as dependent variable revealed a trend for a progressive increase in performance during up-regulation over the course of training (y ¼ 0.10 þ 0.283x, t ¼ 1.181, P ¼ 0.257). When excluding the first trial under the assumption that participants were initially unfamiliar with the feedback display and the delay of the haemodynamic response, a significant learning effect was observed for up-regulation (y ¼ À0.017 þ 0.550x, t ¼ 2.55, P ¼ 0.022). In contrast, during down-regulation, no learning took place (y ¼ 0.103 þ 0.016x, t ¼ 0.06, P ¼ 0.951).
Overall, there was a large variability in BOLD signal changes across trials and subjects especially in the first two sessions (Table 1) . However, during up-regulation in the last training session, we found consistent increases in all trials. Differential BOLD percent signal change (AEs.e.m.) computed on the individual selected target and control ROI during the rt-fMRI training. A significant difference was found between up-and down-regulation as well as between up-and no-regulation in the last training session (*P < 0.05, **P < 0.001).
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Interestingly, during down-regulation there was a tendency of improved down-regulation ability in the last compared to the first trials in each session.
Time-series analyses
The direct comparison of the time courses between tasks revealed that there was a significantly decreased activation in the anterior insula during down-regulation compared to up-regulation in the last training session at three consecutive time-points [paired t-tests: Second 3: t(10) ¼ 2.94, P ¼ 0.015, Second 4.5: t(10) ¼ 3.82, P ¼ 0.003, Second 6: t(10) ¼ 2.39, P ¼ 0.037; Figure Pair-wise comparisons showed a significant difference between Sessions 1 and 3 (P ¼ 0.018). Post hoc paired t-tests yielded significantly reduced BOLD responses during no-regulation in the first session compared to the third session at time 1.5 s (P ¼ 0.036), 3 s (P ¼ 0.023) and marginally at 4.5 s (P ¼ 0.054).
Whole-brain analysis of emotion induction and feedback regulation
The contrast 'induction-aversive' compared to 'inductionneutral' yielded activations in supplementary motor area (SMA), paracingulate cortex, anterior insula bilaterally extending into the frontal operculum, ACC, thalamus, left putamen, caudate nucleus bilaterally and left inferior parietal cortex, together suggesting successful emotion induction.
Up-regulation in comparison to no-regulation in the presence of threat-related stimuli revealed activation in the frontal operculum bilaterally, right anterior insula, left VLPFC, left ACC and right middle cingulate cortex (Table 2 and Figure 4A ). In contrast to the no-regulation condition, down-regulation activated the right insula extending into the right VLPFC, right superior temporal cortex, right caudate nucleus, right inferior parietal cortex, right middle frontal cortex (MFC), right superior occipital cortex, left VLPFC, right superior medial frontal cortex and right ACC (Table 3 and Figure 4B ).
PPI analysis
PPI analysis for up-regulation vs no-regulation in the first session showed a right-lateralized connectivity pattern with left anterior insula activity in the lingual gyrus, anterior insula, VLPFC and frontal inferior operculum. In the second session, we found positive coactivation in the left inferior orbitofrontal, left middle frontal and left middle OFC. Analysis of the third training session revealed that successful up-regulation of the BOLD response in the left anterior insula was positively linked to activity in left DMPFC and bilateral VLPFC, presumably as an effect of the prolonged training (Table 4 and Figure 6 ). The parameter estimates of the PPI interaction analyses for all three sessions in these areas as displayed in Figure 6B confirm that a robust positive interaction was only found in the third training session. While a negative interaction was present in the first session, a significantly positive interaction was observed in the third session (the interaction in one representative subject is plotted in Figure 6A ). Another area that showed significant interaction with left anterior insula was the bilateral inferior occipital cortex.
In the first two training sessions, there was no significant connectivity with the target ROI during down-regulation. Analysis of down-regulation data in the third session showed a positive covariation with activity in the left fusiform gyrus (x ¼ À39, y ¼ À60, z ¼ À15, t ¼ 7.42). However, we found no involvement of prefrontal areas.
Subjective ratings
There was a significant session effect [F(2,22) ¼ 4.184, P < 0.05) in subjective ratings, indicating improved success to regulate over the course of the experiment. There was a tendency towards up-regulation being judged easier than down-regulation [success rating up-regulation: 4.47 AE 1.03; success rating down-regulation: 4.81 AE 1.31 (mean AE s.d.)], but the effect was not significant F(1,11) ¼ 1.609, P ¼ 0.23).
DISCUSSION
The present study aimed to explore the neural circuitry involved when healthy participants self-regulate BOLD activity of the left anterior insula while viewing emotional pictures. Our findings corroborate and extend previous studies that trained participants to self-regulate anterior insula activity without emotion induction by external stimuli (Caria et al., 2007 (Caria et al., , 2010 . Whereas both emotion induction and self-regulation activated a number of predominantly frontal regions, PPI analysis uncovered a more focused network specifically involved in self-regulation of anterior insula activity. Whole-brain analyses during up-regulation showed higher activity in the left insula, left VLPFC, right insula, left frontal operculum and anterior and middle cingulate cortex. Group analysis of the differential activation between the individual anterior insula and control ROI during up-regulation used for the neurofeedback training revealed that subjects learned to increase their BOLD acitivity from the first to the last training session. In fact, robust up-regulation ability over all trials was found in the last training session. Additional ROI time-course analysis showed enhanced BOLD activation in left anterior insula over training sessions, indicating a learning effect. This is in line with the studies of Caria et al. (2007 Caria et al. ( , 2010 , where feedback was supplied without preceding emotion induction by external stimuli. Our results thus support previous findings that self-regulation of localized brain areas can be learned within a few training sessions. 
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During down-regulation, we observed increased activation in specific frontal areas including left frontal inferior operculum, bilateral MFC, superior medial frontal cortex, bilateral VLPFC, right anterior insula and ACC. In addition to these frontal regions, we found activations in superior temporal cortex, in the caudate nucleus and in right inferior parietal cortex. However, no decrease of left anterior insula activity and no learning effect across training sessions were observed in this condition. Interestingly, a tendency of improved down-regulation ability in the last training trails of each session was observed. In contrast, during the no-regulation condition we consistently found no significant BOLD signal increases, in line with other rt-fMRI studies using passive viewing as a baseline condition (Caria et al., 2007 (Caria et al., , 2010 . The relative signal increase from session 1 to sessions 2 and 3 during no-regulation cannot be attributed to differential activations in the control area across sessions, but ratheras suggested by time-series and rt-fMRI analysesthe effect of emotional induction on anterior insula activity varies over trials.
In up-and down-regulation conditions, we found increased activation in the dorsal part of the ACC and bilaterally in the anterior insula, the adjacent frontal inferior operculum and VLPFC (BA 47). The dorsal ACC activity can be interpreted in terms of ongoing monitoring of regulation performance, as previously reported in emotion regulation paradigms (Ochsner et al., 2002 (Ochsner et al., , 2004 . Conjoint activation of ACC and anterior insula is often reported in participants experiencing emotional feelings (Craig, 2009) . VLPFC is specifically involved in the reappraisal of negative emotions (Ochsner and Gross, 2005) , to support the selection and application of reappraisal strategies and to decrease, increase or maintain activity in appraisal systems such as the amygdala or insula in accordance with the goal of reappraisal (Beauregard et al., 2001; Ochsner et al., 2002; Schaefer et al., 2002; Levesque et al., 2003; Kim et al., 2004; Ochsner et al., 2004; Phan et al., 2005) . The present results thus corroborate previous research showing that increased frontal cortex activation supports the top-down processes required to exert control over emotion-related insula activity (Davidson et al. 2000) .
In line with the studies of Caria et al. (2007 Caria et al. ( , 2010 , we found bilateral insula activation during volitional up-regulation of left anterior insula. However, we found strong right-lateralized anterior insula activation during down-regulation. Gray et al. (2007) reported right anterior insula activity when false physiological feedback was provided. They concluded that the right anterior insula acts as a superordinate appraisal system for bodily arousal. It should be noted that participants were not aware that they were regulating activity of the anterior insula, as they were simply informed about their general 'regulation success' by the increasing or decreasing thermometer bar. Similarly, Lee et al. (2006) have shown that incongruent emotional states (smiling while viewing sad movies) activate the right anterior insula. Therefore, one could speculate that particularly during the early regulation period where the BOLD signal is enhanced after emotion induction, a mismatch between one's own feelings and the increasing feedback signal could cause a conflict during down-regulation but not during up-regulation. The heightened right anterior insula activity during down-regulation which we observed here could thus be interpreted as emotional conflict monitoring. The multitude of additional activations in frontal, temporal and parietal areas during down-regulation may imply that more cognitive effort was involved during downregulation. The greater difficulty to decrease negative emotions has been described previously (Ochsner et al., 2004; Kim et al., 2007) . The middle frontal gyrus is involved in the selection and control of behavioural and emotional strategies during task performance and regulates selective attention (Garavan et al., 2006) . Koenigsberg et al. (2010) have shown that emotional distancing from negatively valenced pictures activates inferior parietal gyrus, as well as the middle and superior temporal gyri. We found activations in these Voluntary regulation of anterior insula SCAN (2011) 9 of 12 areas only during down-regulation and this supports the assumption that participants tried to distance themselves from the negative pictures. A closer examination of activation time courses revealed different temporal dynamics during up-and downregulation. While activity after up-regulation declined to baseline values during the resting period, activity after down-regulation kept increasing before the next trial. Interestingly, Goldin et al. (2008) reported a bilateral increase of insula activity when participants engaged in expressive suppression to regulate emotions. It is possible that different participants used different strategies for up-and down-regulation (i.e. reappraisal vs suppression) and this may partly explain our findings. It is also possible that the presence of threat-related images along with frustration about one's inability to down-regulate led to an unwanted increase in arousal and mental effort. Thus, while participants tried to reduce insula activity, they may have ended up being aroused by the self-regulation process, and their poor performance during down-regulation may have paradoxically activated the insula and other emotion-related areas. In this sense, down-regulation would become more difficult to achieve than up-regulation without previous training. In several studies, participants were successful at downregulation of their emotional responses, but only after extensive training (Ochsner et al., 2004; Eippert et al., 2007) . It can be assumed that without the conflicting feedback information, participants are better at controlling their emotional involvement. The fact that decreased anterior insula activity during down-regulation was observed in all sessions during the last trials supports the assumption that prolonged training periods might yield successful down-regulation.
The PPI analysis for the different training sessions during up-regulation revealed that in the first session, left anterior insula activity was functionally linked to right insula, right VLPFC and right frontal operculum, while in the second session, the left VLPFC and left middle OFC covaried with the seed region. The PPI analysis for up-regulation in the last training session, when most participants showed improved up-regulation of left anterior insula activity, revealed strengthened connectivity between left DMPFC and bilateral VLPFC and left anterior insula. Ochsner and Gross (2005) reported that top-down control of emotional responses via reappraisal activated the lateral and medial PFC and others have reported similar results (Quirk and Beer, 2006) . Self-knowledge, i.e. the monitoring of one's own emotional state, has been associated with activation of MFC (Bush et al., 2000; Phan et al., 2002; Ochsner et al., 2004; Steele et al., 2004) and DMPFC. Pollatos et al. (2007) investigated brain areas involved in interoceptive awareness and demonstrated that the amount of interoceptive awareness correlated strongly with activity in DMPFC. A recent study using extended rt-fMRI training of the bilateral insula in schizophrenic patients showed that during successful up-regulation, the medial prefrontal cortex exhibited strong effective connectivity (outflow) to the insula using GCM . Based on these findings, our results suggest that the DMPFC plays a key role in the perception of feelings and feedback monitoring during up-regulation of the anterior insula.
A limitation of our study is that participants lacked training in self-regulation before the measurements were made. This prevents us from drawing firm conclusions about the effects of down-regulation, as no significant decrease in anterior insula activation was seen across subjects. Also, while rt-fMRI neurofeedback studies usually use regulation periods of 20-30 s, emotion regulation studies frequently apply regulation periods of only 11 s on average (Kalisch, 2009 ). It could be argued that a period of 9 s employed here was too short, because the BOLD signal is delayed relative to the onset of the task and the computed feedback signal during initial self-regulation is thus contaminated by late signals from the induction phase. It is possible that during the induction period, different pictures elicited stronger or weaker emotional responses and therefore modified the activation and hence the feedback signal. However, the BOLD signal during no-regulation trials reveals that the signal from the anterior insula can decrease even below baseline values in the presence of aversive pictures, making this confound appear less problematic. Nevertheless, optimized training protocols for rt-fMRI may be necessary when appraisal-relevant regions like the amygdala or anterior insula are the targets of self-regulation of stimulus-elicited activity. It is conceivable that longer regulation periods or the presentation of feedback signals only during the later parts of self-regulation periods are more suitable in these cases. The additional recording of peripheral data like breathing would further enhance the neural specificity of the feedback signal, although whole-brain and PPI analyses argue that respiratory effects do not account for the reported findings. Moreover, improved neurofeedback systems allowing the selection of ROIs solely in the grey matter over several slices, as well as advanced online artefact correction could increase the reliability of the feedback signal.
CONCLUSION
This study investigated the brain regions involved in the regulation of left anterior insula activity using rt-fMRI while subjects viewed aversive pictures. PPI connectivity analysis showed that during up-regulation, left anterior insula interacts positively with DMPFC and VLPFC. Our findings extend previous rt-fMRI work that focused on the targeted ROI, without addressing the question of how other regions may support or inhibit regulation success. Our results further demonstrate that rt-fMRI-based neurofeedback training may augment classical emotion regulation paradigms by providing direct feedback of activity in emotional brain networks and thus improving regulation success. Such an approach may prove especially useful in patients with
